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Abstract

Maintenance of the proteome is a major homeostatic task of the cell and disregulation of protein
homeostasis can be deadly. The accumulation of different forms of misfolded protein can perturb
protein homeostasis and cause extensive cell and tissue damage. The cell has various quality
control systems to help prevent the accumulation of misfolded proteins and the complexity of the
different mechanisms that have evolved is bewildering. The first order of business for all quality
control systems is recognition of misfolded proteins, which is followed by a triage decision. In
many cases, modular molecular chaperones function in different assemblies with degradatory or
folding co-factors to direct a misfolded protein toward continued life or death. Herein, an
overview of quality control mechanisms that triage soluble cytosolic proteins, protein aggregates,
and ER-associated proteins is presented.
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1. Introduction

The proper folding of proteins is essential to ensure protein function and to prevent the
accumulation of toxic protein species. However, protein folding is error-prone and folded
proteins exist in an equilibrium between native and non-native states, so the cell is
constantly challenged by pools of aggregation prone and potentially toxic protein
conformers (1). Improper post-translational modification, disassembly of oligomeric
complexes, different types of cellular stress, mutation, and off-pathway folding can cause
proteins to misfold. To deal with these situations the cell contains a variety of molecular
chaperones that facilitate the folding of newly synthesized polypeptides, refolding of
misfolded proteins, and degradation of misfolded clients that cannot fold (2). Some clients
escape the action of molecular chaperones and form large aggregates, but must still be
degraded (3). Even under normal conditions, up to 30% of the bulk of proteins synthesized
can be degraded during or immediately following translation due to the inability to achieve
proper folding (4). Due to the timing of protein misfolding and the different conformations
of non-native protein species a variety of cellular quality control (QC) systems exist to
recognize misfolded proteins and facilitate their refolding or degradation (5). Failure of
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protein QC systems to manage protein loads can result in protein aggregation and/or
formation of toxic protein species. The accumulation of misfolded proteins is the hallmark
of a number of diseases including neuro-degeneration, cardiovascular diseases, cataract, and
age-related macular degeneration (6). As such there is a great amount of interest in
understanding mechanisms for operation of different cellular QC systems.

2. Cytosolic Quality Control

The cytosol is home to an array of molecular chaperones, E3 ubiquitin-ligases, and QC
factors that are important for QC of soluble proteins and membrane proteins with cytosolic
domains (7, 8) (Fig. 1). The Hsp70 family consists of generally promiscuous chaperones that
recognize exposed hydrophobic patches and facilitate refolding via cycles of ATP
hydrolysis. Similarly, Hsp90s facilitate the ATP-dependent refolding of proteins that are
thought to be in more mature conformations. Both Hsp70 and Hsp90 chaperones utilize co-
chaperones to help with substrate recognition and binding. The ATP-independent small heat
shock proteins (SHSPs) and Hsp40s recognize and inhibit the aggregation of misfolded
proteins (9). Hsp40s and sHSPs then recruit ATP-dependent chaperones to facilitate the
folding of substrates.

E3 ubiquitin-ligases like CHIP (C-terminus of Hsp70 Interacting Protein) work with
molecular chaperones to degrade proteins that cannot be refolded (7). CHIP was initially
identified as a regulator of Hsc70 function (10). CHIP, which contains a U-box ubiquitin-
ligase domain, has been shown to be involved in the degradation of a number of client
proteins, including polytopic ER proteins with cytosolic domains (11) and a large number of
cytosolic proteins (12-14). The general paradigm for chaperone-assisted degradation of
soluble proteins is that misfolded proteins are recognized by an Hsp40 protein (Fig. 1).
Hsp70 is then recruited via joint recognition of the Hsp40 and bound client proteins. If
refolding does not occur, CHIP is recruited to the Hsp70:polypeptide complex and the
misfolded protein is ubiquitylated and targeted for degradation via the proteasome. In
addition to CHIP, there are a number of additional E3 ubiquitin-ligases that recognize
misfolded proteins (7), so there appears to be a network of QC factors that act in an
integrated fashion to degrade misfolded soluble proteins.

3. ER Quality Control

About 30% of total cell protein is synthesized on endoplasmic reticulum (ER)-associated
ribosomes, so the cell contains a complex network of ERQC factors that have evolved to
mediate QC of a large collection of topologically distinct ER-associated proteins (Fig. 2).
Like the cytosol, the ER lumen contains a diverse group of molecular chaperones to aid in
the co- and post-translational folding of proteins (5, 15). Modifications to the glycan groups
of newly synthesized proteins provide information to specific chaperones about the folding
state of the protein. The glycan-dependent chaperones calnexin and calreticulin will
associate with a recently synthesized protein and help it to mature. Hsp40s in the ER lumen
work with the Hsp70 family member BiP to recognize and bind hydrophobic patches on
misfolded proteins. BiP will attempt to refold the protein by rounds of ATP hydrolysis,
substrate release, and nucleotide exchange (5). If the protein is unable to fold correctly it
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will be targeted for proteasomal degradation via the ER-associated degradation (ERAD)
pathway (16).

A variety of mammalian ER-associated E3 ligases have been identified that ubiquitylate
terminally misfolded proteins (17). The integral membrane ligase HRD1 (yeast homolog to
Hrd1) forms a complex with many adapter proteins including SEL1L (Hrd-3), OS-9 (Y0s9),
the Derlin proteins (Derl), and the E2 ubiquitin-conjugating enzymes UBE2G1 and
UBE2G2 (Ubc6). SEL1L and OS-9 are involved in the recognition of ER luminal folding
defects. The Derlin family proteins (Derlin 1-3) are membrane-spanning adapter proteins
that are candidates to be involved in the recognition of folding defects in membrane domains
(17). Another ligase, GP78, is ~50% homologous to HRD1 and is also responsible for
targeting ERAD substrates for degradation. TEB4 (homolog to the yeast Doal0) is a 14-
transmembrane domain E3 ligase, whose only known adapter proteins are E2 ubiquitin-
conjugating enzymes. While little is known about mammalian TEB4, Doal0 ubiquitylates
ERAD substrates with cytosolic folding defects (17). The tail anchored E3 ligase RMA1
(which has no yeast homolog) is also implicated in ERAD (18). RMA1 forms a complex
with Derlin-1, the E2 UBE2J1, and DNAJB12. DNAJB12 is a transmembrane Hsp40
chaperone with cytosolic J-domain that co-operates with cytosolic Hsp70 to mediate RMA1-
dependent substrate ubiquitylation (19, 20).

Prior to degradation, ERAD substrates must be translocated into the cytosol in a process
dependent on ATP and the AAA+ ATPase p97 (21, 22). Membrane-associated ERAD
substrates must be extracted from the membrane and ER luminal substrates must cross the
membrane into the cytosol. However, the identity of this retrotranslocation/extraction pore
remains unknown and little is known about the mechanism for this process. However, there
is recent evidence to suggest that transmembrane elements of the Hrd1 may participate in
the retrotranslocation process (23).

Interestingly, polytopic membrane proteins with large cytosolic domains are subject to both
ERQC and cytosolic quality control (8). For example, there is evidence that the RMA1 E3
complex can sense the assembly status of the N-terminal regions of the substrate CFTR.
Whereas, the CHIP/Hsp70 cytosolic QC system appears to act at a checkpoint after RMA1
action (18). Thus, different QC systems can act redundantly and some are able to cooperate
to monitor the conformation of different regions of the same protein.

4. Protein Aggregate Clearance via Autophagy

Despite the evolution of elaborate cytosolic and ERQC systems, unfolded proteins are still
able to aggregate during times of stress and these aggregates must be removed from the cell.
In some cases, protein aggregates can be resolubilized by molecular chaperones and the
proteins in them are then degraded by the ubiquitin—proteasome pathway (24). In other
cases, aggregates cannot be disrupted and alternate mechanisms for clearance exist.
Autophagy is a process in which cellular material, such as accumulated aggregated or
misfolded proteins are engulfed in a double-membrane autopha-gosome (25, 26).
Engulfment is initiated when autophagy-related proteins (ATG) such as ATG5, ATG12, and
ATG16 are recruited to membranes at an autophagic nucleation site. Next, the recruited
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ATG proteins facilitate the conjugation of the small ubiquitin-like protein LC3 to the nearby
lipids. This induces budding and formation of the autophagosome. The autophagosome fuses
with the lysosome or vacuole where the drop in pH changes the conformation of aggregates
and endoproteases clip proteins in aggregates to initiate aggregates. Yet, how a detergent
insoluble aggregate is dissolved in the lysosome is not entirely clear.

5. Concluding Remarks

There is still much to learn about how the cell deals with protein unfolding and the
mechanisms of action for factors are involved in quality control and clearance pathways
need to be uncovered. Questions still remain about how the cell partitions unfolded proteins
between life and death and how the cell facilitates aggresome and inclusion body assembly
is understudy (27). There is much investigation into the identification of factors involved in
quality control of different cellular subcompartments and understanding how action of these
ERQC machines are integrated in response to stress and disease is a new challenge.
Investigators have developed assays to study basic features of protein QC in yeast, cell
culture, and in vitro models. The following chapters describe various methods for
investigating steps in pathways for cytosolic quality control, ER quality control, and
autophagy.
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Fig. 1.
The triage of misfolded proteins in cytosolic quality control. A denatured protein can

spontaneously refold, aggregate, or be recognized by molecular chaperones, such as the
Hsp40/Hsp70 co-chaperones. Hsp70 will attempt to refold the substrate protein by cycles of
ATP hydrolysis or recruit E3-ubiquitin ligases, such as CHIP, to target the substrate for
proteasomal degradation. Aggregated proteins will be cleared by autophagic processes.

Methods Mol Biol. Author manuscript; available in PMC 2015 May 27.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Houck et al.

Page 7

Yy
|}

s
NS

(ub)
@ ____ —_—

(D%

26S proteasome

©

Extraction/
retrotranslocation

TEB4 ub

P SN
3 ER lumen
2 e VA %%P?V?V ¢ 2 »D, Y,
Fig. 2.

Misfolded proteins in the ER are subject to the ER-associated degradation (ERAD) pathway.
Misfolded proteins are recognized by various ER factors, such as chaperones, and directed
toward ER membrane E3 ubiquitin-ligases. The three main ligases identified are RMA1,
HRD1, and TEBA4. Each ligase is part of a complex with an E2 ubiquitin-conjugating
enzyme and other factors. Substrate proteins are ubiquitylated, extracted into the cytoplasm
via a p97 AAA + ATPase-dependent process, and degraded by the proteasome.
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